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Parkinson's disease (PD) is a prevalent neurodegenerative disease that is distinctly marked by loss of control of motor functions in patients 1 . Clinical symptoms of PD involve tremor at rest, rigidity or slowness of voluntary movements, and postural instability. These symptoms are known to be caused by progressive degeneration of dopaminergic neurons located in the substantia nigra. Previous reports showed that the genetic defect in complex I of the mitochondrial electron transport chain produces reactive oxygen species in dopaminergic neurons which result in neurodegeneration 2 . Although the pathophysiology of PD has been intensively studied using in vitro and in vivo models, molecular mechanisms underlying neurotoxicity in PD remain unclear, and thus therapeutic methods are limited. Moreover, there are little methods to detect early neurodegeneration in PD.
To measure neurodegenerative progress in neurons, various optical methods are intensively used. Light microscopy, such as bright-field microscopy or phase contrast microscopy, which is a basic tool for in vitro study, conveniently visualizes cellular morphology 3, 4 , but it provides only qualitative information. On the other hand, confocal and multi-photon fluorescence microscopy allows acquisition of three-dimensional (3-D)
structural and molecular images of neurons in in vitro and in vivo models with a high spatial resolution 5, 6 .
However, microscopy which involves the use of fluorescence requires invasive labeling procedures such as chemical staining or genetic modification, which inevitably induces phototoxicity or photobleaching. Lastly, atomic force microscopy (AFM) has been used to measure cellular morphology, for example, the cellular height in in vitro neurodegeneration model. AFM provides quantitative structural information of neurons with immensely high resolution, but it requires long operation time due to scanning of an AFM tip to measure the whole cellular area 7 .
To overcome aforementioned limitations and quantitatively measure early neurodegenerative progress in the PD model, quantitative phase imaging (QPI) techniques 8, 9 can be utilized. Based on the principle of holography, QPI techniques provides quantitative and label-free images of live cells and tissues, exploiting the refractive index (RI) distribution of optical contrasts. QPI techniques have been applied to study the pathophysiology of various biological samples, including haematology 10 , malaria infection 11, 12 , sickle cell diseases [13] [14] [15] [16] , and microbiology 17, 18 . In particular, 2-D QPI techniques or digital holographic microscopy techniques had been utilized for the study of biophysics of neuron cells 19, 20 and for imaging alterations in brain tissue slices caused by Alzheimer's disease 21 .
Here, we report the investigation of early neurotoxic effects in an in vitro PD model using 3-D QPI techniques.
Exploiting optical diffraction tomography (ODT) [22] [23] [24] , 3-D RI tomograms of samples are measured at an individual cell level, which provides quantitative morphological and biochemical information. Because RI is an intrinsic optical property of materials, ODT does not require any invasive labeling process. Recently, measuring 3-D RI distributions has been widely applied to study the pathophysiology of various biological samples, such as red blood cells [25] [26] [27] [28] , white blood cells 29, 30 , cancer cells 31-37 , phytoplankton 38 , and bacteria
39
.
Here, we report the investigation of early neurotoxic effects in an in vitro PD model using ODT. To establish the in vitro PD model, we used 1-methyl-4-phenylpyridinium ion (MPP+) which is a metabolite of 1-methyl-4-pheneyl-1,2,3,6-tetrahydropyridine (MPTP) that is known to cause symptoms of PD 40, 41 . For studying the early pathophysiology of PD, we performed optical measurements on the morphological and biochemical properties of the cells after 5 hours of MPP+ treatment. The quantitative characteristics of the cells, including cellular surface area, volume, sphericity, height, dry mass density, and dry mass, are retrieved from measured 3-D RI distributions. We found that early neurotoxic effects of MPP+ change the cellular morphology of MPP+-treated cells to become round and shrinkage while cellular dry mass remains the same, which are well-known apoptotic features. The demonstration of ODT in the neurodegenerative disease research will provide new opportunities for quantitative investigation of pathophysiology in PD as well as other neurodegenerative diseases such as Alzheimer's disease and amyotrophic lateral sclerosis.
Results

Label-free 3-D quantitative measurements of SH-SY5Y cells using optical diffraction tomography.
To perform quantitative imaging and analysis of neurons at an individual cell level, we measured 3-D RI distributions of the cells using 3-D quantitative phase imaging techniques. A Mach-Zehnder interferometry equipped with a dual-axis galvanomirror [ Fig. 1(a) ], which is comparable to the setup used in previous work 28, 42 .
Human neuroblastoma dopaminergic cells, SH-SY5Y, were used in this study. A SH-SY5Y cell was illuminated with a coherent laser beam. Multiple holograms of the SH-SY5Y cell were measured by changing angle of illumination using a dual-axis galvanomirror, and then optical field information (amplitude and phase) of the sample were retrieved from measured holograms via an optical field retrieval algorithm [ Fig .
Discrimination of SH-SY5Y cells in healthy, apoptotic and mitotic states
In order to closely examine the features of SH-SY5Y cells upon MPP+ treatment, we performed analysis of MPP+ effects at an individual cell level. Figure 3 shows three representative SH-SY5Y cells in different cellular condition: healthy, apoptotic, and mitotic states. Figure 3 (a) shows a 3-D rendered image of a healthy SH-SY5Y
cell that has elongated morphology with a nucleus and an axon. In contrast, the apoptotic cell exhibits cell shrinkage, membrane bleb formations and condensed intracellular components, which are well-known apoptotic phenotypes [ Fig. 3(b) ] 43, 44 . Moreover, the quantitative analysis reveals that the sphericity and cellular height of the apoptotic cell are higher than that of the healthy cell, which indicates that apoptotic cell's morphology has been altered to a rounder shape. We also observed SH-SY5Y cells in mitotic states. cell clearly shows two nucleus and nucleoli. Even though cellular morphology of the mitotic cell is similar to that of the healthy cell, the total dry mass of the mitotic cell is two times higher than that of the healthy cell.
This result is consistent with previous reports that have demonstrated that the cellular mass increases twice during mitosis as it produces intracellular proteins in preparation for splitting into two daughter cells 45 . In addition, the mitotic cell has higher sphericity value compared to the healthy cell because cells in mitosis become round prior to cell division. Thus, the mitotic cell and apoptotic cell have similar sphericity values due to their round shapes 46 .
To discriminate SH-SY5Y cells according to their cellular condition, we plotted sphericity values over the cellular dry mass of SH-SY5Y cells with and without MPP+ treatment. Figure In conclusion, we envision that ODT will be useful in the study of pathophysiology in PD due its ability to investigate quantitative alterations of morphological and biochemical features of neurons in the disease condition. Because other neurodegenerative diseases such as Alzheimer's disease or amyotrophic lateral sclerosis also cause abnormal changes in neuronal morphology and function, the present approach can be readily applied to study the pathophysiology of various neurodegenerative diseases.
Methods
SH-SY5Y cell preparation and creating Parkinson's disease model
Human neuroblastoma, SH-SY5Y, cell lines were purchased from Korean Cell Line Bank. SH-SY5Y cells were cultured in Dulbecco's modified Eagle's medium with nutrient mixture F-12 (DMEM/F12, Welgene, South Korea) supplemented with 10% fetal bovine serum (Welgene, South Korea) and maintained at a 37°C, 5% CO 2 incubator. Prior to 3-D holographic imaging, SH-SY5Y cells were detached from a culture flask using 0.25%
Trypsin-EDTA (Welgene, South Korea) and placed on a 24 mm × 40 mm poly-L-lysine coated coverslip (Marienfeld-Superior, Germany) and maintained for 12 hours. Then, 5 mM MPP+ iodide (Sigma-Aldrich, USA) dissolved in autoclaved distilled water was treated to cells, and then, it was left in a dark environment for 5 hours before the experiment. The cells were washed with Dulbecco's Phosphate-Buffered Saline (DPBS, Welgene, South Korea) immediately before the measurement. Next, 500 μL of pre-warmed DMEM/F12 was added to the coverslip, and then, another coverslip was placed on top of the cells to prevent the sample from drying.
Optical diffraction tomography
In optical diffraction tomography, optical fields were measured by Mach-Zehnder interferometry [ Fig. 1(a) ]. A laser beam from a diode-pumped solid state laser (λ = 532 nm, 100 mW, Shanghai Dream Laser Co., Shanghai, China) is split into two arms using a beam splitter. One arm is used as a reference beam, and the other is used to illuminate the sample with changing angles using a dual-axis galvanomirror (GVS012, Thorlabs, Newton, NJ, USA). The sample is placed between a condenser lens (UPLSAPO Water 60×, numerical aperture (NA) = 1.2, Olympus, Japan), which was immersed in DPBS solution during imaging and an objective lens (PLAPON Oil 60×, NA = 1.2, Olympus, Japan). The diffracted beam from the sample was collected and interfered with the reference beam, generating spatially modulated interferograms that were recorded on a CMOS camera (1024 PCI, Photron USA Inc., San Diego, CA, USA). Typically, 300 holograms measured by different illumination angles were used for reconstructing a 3-D RI tomogram. From measured holograms, amplitude and phase information were retrieved via a field retrieval algorithm 56 . Then, a 3-D RI tomogram was reconstructed using retrieved optical fields information via the optical diffraction tomography algorithm. To fill missing information due to the limited NAs of the condenser and imaging objective lenses, a regularization algorithm based on nonnegativity has been used 57 . Detailed information of ODT and the source code can be found elsewhere 25 .
Recently, ODT systems have been commercialized by a few companies, including Holotomography (Tomocube Inc., Republic of Korea), which will facilitate the applications of the method presented in this study.
Quantitative analysis
Quantitative morphological and biochemical information were calculated from reconstructed 3-D RI tomograms. To calculate all quantitative information of a sample, the voxels which have higher RI values than the background RI value were selected. From selected voxels, cell surface area S and volume V can be calculated corresponding to cell boundaries and the numbers of voxels, respectively. Then, sphericity is directly obtained from the measured surface area and volume, as follows:
The sphericity is a dimensionless parameter which indicates how round object is. The RI information also provides a local concentration of non-aqueous molecules including proteins, lipids, and nucleic acids inside cells 58, 59 . From the average RI value of the cells, dry mass concentration ρ was calculated. RI values of the cytoplasmic region of the cells are proportional to non-aqueous molecules (mostly proteins) as following relationship n = n 0 + αρ,
where n is RI of proteins, n 0 is RI of surrounding media, and α is the refractive index increment (RII) of proteins. Because most proteins have similar RII values, we used the RII values of 0.2 mL/g in this study 60 .
Total dry mass of a sample is calculated by simply integrating dry mass density over cellular volume.
Statistical Analysis.
P values are calculated by Student's t-test comparing the cellular properties between various the normal control group and MPP+-treated cells. All the numbers follow the ± sign in the text is a standard deviation.
Imaging processing.
Image processing was performed using Matlab R2015b (Natick, MA, USA) and imageJ (NIH, USA) software.
The 3-D image of the RI distribution of a sample is rendered by Tomostudio (Tomocube Inc., Korea). COMPETING FINANCIAL INTERESTS Y.P. is a co-founder and CTO of Tomocube Inc., which commercialized a ODT system.
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